Keipert S, Ost M, Chadt A, Voigt A, Ayala V, Portero-Otin M, Pamplona R, Al-Hasani H, Klaus S. Skeletal muscle uncouplinginduced longevity in mice is linked to increased substrate metabolism and induction of the endogenous antioxidant defense system. Am J Physiol Endocrinol Metab 304: E495-E506, 2013. First published December 31, 2012 doi:10.1152/ajpendo.00518.2012.-Ectopic expression of uncoupling protein 1 (UCP1) in skeletal muscle (SM) mitochondria increases lifespan considerably in high-fat diet-fed UCP1 Tg mice compared with wild types (WT). To clarify the underlying mechanisms, we investigated substrate metabolism as well as oxidative stress damage and antioxidant defense in SM of low-fatand high-fat-fed mice. Tg mice showed an increased protein expression of phosphorylated AMP-activated protein kinase, markers of lipid turnover (p-ACC, FAT/CD36), and an increased SM ex vivo fatty acid oxidation. Surprisingly, UCP1 Tg mice showed elevated lipid peroxidative protein modifications with no changes in glycoxidation or direct protein oxidation. This was paralleled by an induction of catalase and superoxide dismutase activity, an increased redox signaling (MAPK signaling pathway), and increased expression of stress-protective heat shock protein 25. We conclude that increased skeletal muscle mitochondrial uncoupling in vivo does not reduce the oxidative stress status in the muscle cell. Moreover, it increases lipid metabolism and reactive lipid-derived carbonyls. This stress induction in turn increases the endogenous antioxidant defense system and redox signaling. Altogether, our data argue for an adaptive role of reactive species as essential signaling molecules for health and longevity.
AGING IS A VERY COMPLEX PROCESS driven by numerous molecular pathways and biochemical events. Regarding the relationship between energy metabolism and longevity, there is a hypothesis termed "uncoupling to survive," which suggests that increased mitochondrial uncoupling and thus increased energy expenditure might increase longevity by preventing the formation of reactive oxygen species (ROS) (6) . Previously, we showed that transgenic (Tg) mice with an ectopic expression of the uncoupling protein 1 (UCP1) in skeletal muscle (UCP1 Tg mice) showed a delayed development of obesity, improved glucose tolerance, and a 42% increased median lifespan compared with their wild-type (WT) littermates when exposed to a high-fat diet (30) . However, the molecular mechanisms for these beneficial health effects of skeletal muscle uncoupling are not yet clarified.
One hallmark of UCP1 Tg mice is an increased insulin sensitivity independent of body weight. Insulin resistance plays a crucial part in the pathogenesis of the metabolic syndrome and is characterized by a reduced substrate metabolism and impaired defense against stress in skeletal muscle. Skeletal muscle (SM) uncoupling increases SM glucose uptake and activates the AMPactivated protein kinase (AMPK) (17, 38) . AMPK, a master regulator of cellular energy homeostasis, is involved in several ways in the aging process (reviewed in Ref. 52 ). For example, AMPK increases mitochondrial biogenesis, regulates the activity of the histone/protein deacetylase sirtuin 1 (SIRT1) (8) , and inhibits the activity of mammalian target of rapamycin (mTOR) (57) , which are postulated to regulate lifespan (49, 55) . Thus, AMPK could be a key regulator in our UCP1 Tg mouse model for enhancing insulin sensitivity and lifespan. On the other hand, it is conceivable that mild uncoupling through UCPs affects cellular mitochondrial ROS production and thus might impact aging. We could show a decreased ROS production in isolated mitochondria in UCP1 Tg mice (29) . However, so far it is not known whether or how UCP1, which leads to an increased metabolic rate, regulates superoxide production in the body. Furthermore, it is quite intensively discussed which role oxidative stress and the accumulation of cellular damage play in the aging process (41, 53) . Central to oxidative stress is the generation of reactive species, including ROS and reactive carbonyl species, which are derived from the interaction of ROS with lipids and carbohydrates and lead to an increase in oxidatively modified damaged proteins, carbohydrates, lipids, and DNA. Furthermore, the accumulation of ROS-induced damage is linked to several age-related pathologies, including type 2 diabetes, which is associated with muscle insulin resistance (15, 25) . Specifically, obesity-induced insulin resistance is characterized by increased oxidative stress, inflammation, and impaired defense against stress (60) . But the toxicity of ROS is only one aspect of its action in living cells. They can also modulate the function of several signaling pathways, such as stress response pathways [heat shock proteins (HSPs), MAPK] or antioxidant response systems, and thereby stimulate beneficial adaption to cellular stresses. This is in line with the mitochondrial hormesis hypothesis, suggesting that ROS are essential signaling molecules for health and longevity (47) . Thus, it depends strongly on the magnitude of oxidative stress, duration of exposure, and the target organ if reactive species induce oxidative damage on the one hand or acts as an important signaling molecule on the other hand.
The mechanisms that determine an organism's lifespan are complex and poorly understood, and the roles of AMPK or reactive species in the aging process are discussed controversially. Nevertheless, an effective energy metabolic homeostasis as well as enhanced stress resistance are the hallmarks of improved and extended lifespan.
In this study, we investigate the skeletal muscle mitochondrial uncoupling-induced longevity effect in UCP1 Tg mice. The aim was to clarify the molecular mechanisms in skeletal muscle that are responsible for the "healthy" phenotype of young UCP1 Tg mice on a high-fat diet and whether it is a consequence of oxidative stress or improved substrate metabolism.
METHODS
Animal maintenance. UCP1 Tg animals were generated as described previously (32) . Experiments were performed with male UCP1 Tg and WT controls maintained on a mixed C57BL/6-CBA background. Mice were housed in groups with ad libitum access to food and water. At 12 wk of age, mice were switched from standard chow diet to two different semisynthetic diets, a low-fat diet and a high-fat diet (diet composition; see Ref. 28) . In the first week of dietary switch, food intake was measured (TSE Systems). At 20 wk of age (8 wk on diet), mice were euthanized in the morning 2 h after food withdrawal, and plasma and tissue samples were collected. This time point was chosen because previous results showed that UCP1 Tg mice are protected against diet-induced obesity within the first 10 wk of dietary intervention, whereas in older age they become obese like WT littermates (30) . We support the view that this delayed development of obesity is crucial for the effect on longevity, and effects could possibly be masked at a later time point when these mice start to develop obesity.
With a subgroup of high-fat diet-fed mice, ex vivo fatty acid oxidation in muscle was measured. Animal maintenance and experiments were approved by the animal welfare committee of the Ministry of Agriculture and Environment (State of Brandenburg, Germany).
Immunological detection. Protein was extracted from skeletal muscle (quadriceps and gastrocnemius), as described previously (39) . Sodium dodecyl sulfate polyacrylamide gel electrophoresis and incubation of different antibodies, as well as chemiluminescence detection and quantification of protein bands, were done as described before (39) Analyses of fatty acid oxidation. Assays were done essentially as described (2, 9) . Mice were fasted for 4 h prior to the study. Then extensor digitorum longus (EDL) and soleus muscles were removed from anesthetized mice (99% 2,2,2-tribromo ethanol and tertiary amyl alcohol at 20 l/g body wt ip; Avertin) and incubated for 15 min at 30°C in vials containing preoxygenated (95% O2-5% CO2) KrebsHenseleit buffer supplemented with 15 mM mannitol, 5 mM glucose, and 3.5% fatty acid-free BSA. Subsequently, muscles were transferred to new vials containing freshly pregassed Krebs-Henseleit buffer with 4 mCi/ml [ 3 H]palmitate and 300 mM unlabeled palmitate at 30°C for 2 h. One EDL and one soleus muscle per mouse were stimulated with 2 mM AICAR (5-aminoimidazole-4-carboxamide 1-␤-D-ribofuranoside, 2 mM; Biomol International) during this incubation step. After absorption of fatty acids to activated charcoal, fatty acid oxidation was determined by measuring tritiated water using a scintillation counter.
Quantitative RT-PCR. RNA was isolated from tissue as described before (10), with modifications as described by Weber et al. (61) . Synthesis of cDNA was performed from 1 g of total RNA using the RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas).
Quantitative real-time PCR was performed on the Applied Biosystems 7900 HT Fast Real-Time PCR System (Applied Biosystems). The PCR mix (5 l) contained TaqMan or SYBR Green Universal PCR Master Mix (Applied Biosystems) and a cDNA amount corresponding to 5 ng of RNA used for cDNA synthesis and gene-specific primerprobe pairs (Sirt1: forward cagaccctcaagccatgttt, reverse gatccttgggattcctgcaa;PGC1␣: forward ctacagacaccgcac acacc, reverse gcgctcttcaattgctttct, probe 6-FAM-cccgcttctcgtgctctttgc-TAMRA). Gene expression was calculated as ⌬C T, using ␤-actin (forward tgttaccaactgggacgaca, reverse ggggtgttgaaggtctcaaa, probe 6-FAM-accgtgaaaagatgacccag-TAMRA) as a reference, and expressed relative to the WT group normalized to a value of one.
Triglyceride analysis. The triglyceride concentrations of liver and skeletal muscle were measured after extraction with 10 mmol/l sodium phosphate buffer (pH 7.4) containing 1 mmol/l EDTA and 1% polyoxyethylene (10) tridecyl ether using the Triglyceride Determination Kit (Sigma-Aldrich).
Catalase activity. A catalase (CAT) activity assay kit (Cayman Europe) was used to determine the activity level of CAT in muscles and plasma according to the manufacturer's recommendations. Thirty grams of muscle tissue was immersed in a 450-l buffer containing 50 mM Kaliumphosphat and 1 mM EDTA (pH 7.0), homogenized for 2 min in Speed Mill P12, and centrifuged at 10,000 g for 30 min at 4°C. The supernatant was used to determine the protein content (see above) and CAT activity levels in muscle. After the appropriate incubations, the samples were read at an absorbance of 520 nm using a 96-well plate reader. Muscle samples were normalized to protein content.
Superoxide dismutase activity. The commercially available Superoxide Dismutase (SOD) Assay Kit II (Cayman Europe) was used to measure total SOD activity. Muscle tissue was homogenized in a buffer (20 mM HEPES, 1 mM EGTA, 210 mM mannitol, and 70 mM sucrose, pH 7.2, for 2 min in Speed Mill P12) and centrifuged at 1,500 g for 10 min at 4°C. The supernatant was used to determine the protein content and SOD activity levels in muscle. The absorbance was measured at 450 nm using a 96-well plate reader. Muscle samples were normalized to protein content.
Aconitase activity. Aconitase activity was determined spectrometrically as described previously (51) by monitoring the formation of NADPH at 340 nm. The assay mixture contained 50 mM Tris·HCl, pH 7.4, 60 mM sodium citrate, 1 mM MnCl 2, 0.4 mM NADP ϩ , and 4 U NADP ϩ isocitrate dehydrogenase for a final volume of 1 ml. Tissue (muscle/liver) was homogenized in homogenization buffer (50 mM Tris, pH 7.4, for 3 min in Speed Mill P12) and centrifuged at 23,000 g for 5 min at 4°C. The supernatant was used to determine the protein content and aconitase activity levels in the tissues. An appropriate volume tissue extract (30 g protein) was brought up to 150 l with 50 mM Tris·HCl and loaded into one well of a 96-well plate. To start the reaction, 150 l of assay mixture was added, and the absorbance change at 340 nm was measured for 60 min at 37°C. The aconitase activity was calculated from the slope of the linear portion.
Oxidative damage markers. Ne-(malondialdehyde)lysine (MDA), Ne-(carboxymethyl)lysine (CML), Ne-(carboxyethyl)lysine (CEL), glutamic semialdehyde (GSA), and aminoadipic semialdehyde (AASA) were determined as trifluoroacetic acid methyl ester derivatives in acidhydrolyzed delipidated and reduced protein samples by GC-MS using a HP6890 Series II gas chromatograph (Agilent, Barcelona, Spain) with a MSD5973A Series and a 7683 Series automatic injector, a HP-5MS column (30 m ϫ 0.25 mm ϫ 0.25 m) and the described temperature program (42) . Quantification was performed by internal and external standardization using standard curves constructed from mixtures of deuterated and nondeuterated standards. Analyses were carried out by selected ion-monitoring GC-MS. The ions used were lysine and [ Statistics. Statistical analyses were performed using Stat Graph Prism (5.0). Data are reported as means Ϯ SE. One-way or two-way ANOVA was used to evaluate differences between groups with appropriate post hoc tests. Statistical significance was assumed at P Ͻ 0.05.
RESULTS
Body composition, insulin sensitivity, and tissue triglyceride levels. WT animals on the high-fat diet showed increased body fat compared with the low-fat diet, whereas UCP1 Tg mice showed no dietary differences in body weight or body fat. Independent of the diet, UCP1 Tg mice were much lighter (reduced lean mass and size) but also leaner (reduced body fat content), and they showed no differences in blood glucose but lower insulin levels on a high-fat diet, indicating a higher insulin sensitivity compared with WT (Table 1) . Interestingly, energy intake was not significantly different between the genotypes. Moreover, relative to body weight, UCP1 Tg mice had a higher food intake compared with WT mice on both diets. WT and UCP1 Tg mice showed the same weight-specific liver weight, but UCP1 Tg mice displayed a strong decrease in muscle mass (Table 1) . WT mice on a high-fat diet showed significantly increased liver triglycerides and a tendency toward higher muscle triglycerides compared with the other three groups (Table 1) .
Expression of uncoupling proteins in muscle. We analyzed UCP1 and -3 protein expression by Western blot. As shown in Fig. 1A , UCP1 was detectable only in skeletal muscle from UCP1 Tg mice, with no additional influence of the diet. To examine whether the transgenic expression of UCP1 influences UCP3, the main uncoupling protein expressed in the skeletal muscle, we determined the amount of UCP3 protein by Western blot. As seen in Fig. 1 , A and B, there was no difference between the genotypes on a low-fat diet. However, exposing WT mice to a high-fat diet resulted in increased UCP3 protein expression.
Substrate metabolism and mitochondrial biogenesis in skeletal muscle. To investigate whether skeletal muscle uncoupling leads to an energy demand in the muscle cell, we looked at AMPK, a protein that acts as an energy sensor and regulates substrate metabolism in the cell. In UCP1 Tg animals, AMPK phosphorylation in skeletal muscle was increased significantly compared with WT ( Fig. 2, A and B) , indicating an increased Data are shown as means Ϯ SE; n ϭ 8 -10. WT, wild type; UCP1, uncoupling protein 1; Tg, transgenic; NS, not significant. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.0001, significant differences between the genotypes within 1 diet group. †First 5 days after dietary switch. AMPK activity. To analyze fatty acid oxidation in detail, we measured ACC, fatty acid transporter CD36 (Fig. 2, A and B) , and (on the high-fat diet only) directly ex vivo fatty acid oxidation in isolated soleus muscle (mostly oxidative fibers; Fig. 2C ) and EDL muscle (mostly glycolytic fibers; Fig. 2D ). UCP1 Tg animals had a significantly increased protein phosphorylation of ACC, a direct downstream factor of AMPK. Also, CD36 protein expression was increased in skeletal muscle (Fig. 2, A and B) . In UCP1 Tg animals, ex vivo basal fatty acid oxidation was increased significantly in both muscle types but more pronounced in the glycolytic EDL (EDL ϩ85%, P ϭ 0.0038; soleus ϩ54%, P ϭ 0.038 compared with WT; Fig. 2 , C and D). When AICAR, a known AMPK activator, was added, WT mice showed a significant increase in palmitate oxidation in both muscle types, whereas this effect was less in isolated muscles from UCP1 Tg animals. It is known that AMPK increases mitochondrial biogenesis. On gene expression level we found a slight, nonsignificant increase in PGC-1␣ and a significant increase in SIRT1 in SM of UCP1 TG mice (Fig. 3, A and B) . Protein levels of most of the oxidative phosphorylation complexes and porin, both of which are markers for mitochondrial content, were similar in skeletal muscle homogenates of WT and UCP1 Tg mice independent of the diet (Fig. 4,  A and B) . These data are compatible with a lack of structural changes in SM mitochondria induced by UCP1 (data not shown).
AMPK is a well-known inhibitor of mTOR; therefore, we investigated mTOR as well as several downstream factors. We could not detect any differences in mTOR or phosphorylated mTOR protein expression between the genotypes (Fig. 5A) . The downstream mTOR target S6 protein phosphorylation (Fig. 5A) was also not affected. Total as well as phosphorylated 4E-BP, which is also a downstream target of mTOR, was strongly increased in UCP1 Tg animals compared with WT (Fig. 5A) .
Oxidative . Ex vivo fatty acid oxidation in isolated soleus (more oxidative; C) and extensor digitorum longus muscle (more glycolytic; D) of WT and UCP1 Tg mice fed a high-fat diet. *P Ͻ 0.05, **P Ͻ 0.001, and ***P Ͻ 0.0001, significant differences between the genotypes within 1 diet/treatment group (data are shown as means Ϯ SE; n ϭ 7). NS, not significant. damage were measured by mass spectrometry in skeletal muscle and liver protein from WT and UCP1 Tg mice. We used markers of direct oxidation of proteins (GSA, AASA) and of carbonyl-amine reactions such as lipoxidation and glycoxidation (CML, MDA, CEL) ( Table 2 ) (23, 42). Levels of MDA, which are derived from protein adducts of lipid peroxidation products, were increased significantly in skeletal muscle of UCP1 Tg mice on both diets compared with WT. Moreover, AASA, a carbonyl product of metal-catalyzed protein oxidation, was increased in UCP1 Tg mice on a low-fat diet. CML, CEL, and GSA were not influenced by the genotype. In contrast to skeletal muscle, UCP1 Tg mice showed decreased MDA levels in the liver compared with WT mice. Regarding the endogenous antioxidant defense system, UCP1 Tg animals showed significantly increased antioxidative enzyme activities in SM compared with WT. CAT activity was increased in both diets (Fig. 6A) , whereas SOD activity was increased only on the high-fat diet (Fig. 6B) . In plasma, there were no genotype differences in these two antioxidant enzymes (data not shown). Interestingly, aconitase activity, which is a sensitive target for free radicals and postulated to be a marker for oxidative stress, was increased in muscle but not in liver (Table 2 ) of UCP1 TG animals.
Another important role in cellular stress response is played by the family of HSPs. In skeletal muscle of UCP1 Tg mice, the expression of HSP25 was significantly upregulated in both diets, whereas there were no differences in HSP70 (Fig. 7) . The increased stress response and the higher lipoxidative molecular damage might suggest an increased oxidative stress status in UCP1 Tg mice. Lipid-derived carbonyls have been linked to the activation of redox-sensitive signaling pathways such as the MAPKs. In skeletal muscle, several signaling proteins of the MAPK family are expressed, and we analyzed four of them: ERK1 and -2 and c-Jun NH 2 -terminal kinases (JNK) 1 and 2. The phosphorylation ratio of p-ERK1/ERK1 and p-JNK2/ JNK2 was not affected by genotype or diet (Fig. 8) . The pERK2/ERK2 and pJNK1/JNK1 ratios were upregulated significantly in UCP1 Tg mice (Fig. 8B) , indicating an increased activity of these kinases. The only diet-dependent effect was an increased p-JNK1/JNK1 ration in WT high-fat diet-fed mice.
DISCUSSION
We have reported previously that skeletal muscle mitochondrial uncoupling alleviates the detrimental effects of high-fat diets on metabolic status and longevity (30) . In this study, we focused on the molecular mechanisms triggered by UCP1 ectopically expressed in mouse skeletal muscle. The current study demonstrates that skeletal muscle uncoupling led to an energy demand in the muscle tissue that was reflected by increased AMPK phosphorylation and increased substrate metabolism. However, downstream from AMPK, aging-associated pathways such as the mTOR pathway or mitochondrial biogenesis were not affected. Unexpectedly, mild mitochondrial uncoupling in skeletal muscle did not reduce protein oxidative modification in UCP1 TG mice; in contrast, it increased lipid peroxidation-derived modification and led to an induction of several ROS-induced signaling pathways such as increased antioxidant enzyme activity, HSP25, and MAPK signaling.
UCP1 Tg mice show a 40% increased median survival on a high-fat diet and an overall 10% increased lifespan compared with WT mice (30) . The data presented here demonstrate that UCP1 Tg mice in younger age are protected from diet-induced obesity despite a higher weight-specific food intake compared with WT mice. However, in a previous study, we could show that they developed obesity comparable with WT littermates in older age while exhibiting an obesity-independent increased insulin sensitivity (30) . The molecular mechanisms of the beneficial effect on health and lifespan of mice with skeletal muscle uncoupling are not yet clear. Diet-induced changes in UCP1 content in skeletal muscle of UCP1 Tg mice could be responsible for the lean phenotype. Several authors have proposed that UCP1 content in brown adipose tissue increases after high-fat diet feeding (reviewed in Ref. 14) . Here, we show that the ectopically expressed UCP1 protein content in skeletal muscle was not influenced by the diet. To exclude a compensatory effect, we analyzed the expression of UCP3, the main uncoupling protein in skeletal muscle. We did not detect any genotype differences in UCP3 expression of low-fat dietfed mice. However, UCP3 expression in skeletal muscle was increased in WT mice on a high-fat diet. This is in agreement with prior studies showing an upregulation of UCP3 in skeletal muscle after high-fat diet feeding (13, 31) . Our data suggest that an increase in UCP3 is not caused primarily by high-fat diet feeding (no induction of UCP3 in high-fat diet-fed UCP1 Tg mice) but rather linked to body fat accumulation and triglyceride content in muscle, both of which were elevated in high-fat diet-fed WT mice.
Mechanistically, there are several pathways postulated to play a role in longevity, and one important factor is AMPK. Especially in skeletal muscle under conditions of energy demand, for example, during exercise or fasting, AMPK seems to play an important role. Several studies have revealed a decline in responsiveness of AMPK activation in skeletal muscle dur- ing aging (44, 46) and an involvement of AMPK in the regulation of aging processes (reviewed in Ref. 52) . Here, we could show an increased phosphorylation of AMPK in UCP1 Tg mice, confirming previous data (17, 38) . In skeletal muscle, an organ that plays an important role in insulin sensitivity, activation of AMPK promotes glucose uptake and fatty acid oxidation. Neschen et al. (38) have already shown an increased AMPK phosphorylation and a significantly increased glucose uptake in skeletal muscle of UCP1 Tg animals. In the present study, we focused on lipid metabolism of UCP1 Tg animals, which was also found to be increased. AMPK phosphorylates and thereby inactivates ACC, which decreases malonyl-CoA and hence, abolishes the suppression of fatty acid oxidation in skeletal muscle (63) . Phosphorylated ACC was increased in quadriceps muscle of Tg animals compared with WT. Also, the protein expression of fatty acid transporter FAT/CD36, which plays an important role in skeletal muscle fatty acid uptake (5), was increased significantly in Tg mice. Moreover, Bartelt et al. (3) showed recently that FAT/CD36 is one of the major regulators of fatty acid uptake into brown adipose tissue under cold stimulation (when UCP1 is active). Besides protein expression analyses, we could show an overall increased basal fatty acid oxidation in isolated fast-twitch glycolytic EDL as well as the slow-twitch oxidative soleus muscle of UCP1 Tg mice. AMPK has also been shown to regulate energy metabolism by modulating the activity of the histone/protein deacetylase SIRT1 (8) , an enzyme involved in gene expression changes mediating the increase in longevity induced by caloric restriction (49) . In another mouse model expressing UCP1 ectopically in skeletal muscle, Gates et al. (17) were able to show a significantly increased SIRT1 activity in muscle, which was more pronounced in aged mice. This is in line with an increased gene expression of SIRT1 in SM of UCP1 Tg mice on B: porin/VDAC in WT and UCP1 Tg mice fed a low-fat or high-fat diet. *P Ͻ 0.05 and ***P Ͻ 0.0001, significant differences between the genotypes within 1 diet (data are shown as means Ϯ SE relative to the WT low-fat group; n ϭ 7).
a low-fat diet in the present study. Surprisingly, and in contrast to the study of Gates et al. (17), we did not detect any effects on the mTOR pathway, which is inhibited by AMPK and is postulated to play an important role in longevity (57). Selman et al. (55) showed that the knockout of the S6 kinase, a downstream target of mTORC1, resulted in an extended lifespan as well as increased insulin sensitivity in mice. Nevertheless, here we could not detect any significant genotype differences in phosphorylation ratio of mTOR or 4E-BP and pS6 protein, suggesting that this mechanism is in our case not involved in the increased longevity of UCP1 Tg mice. However, the total amount of 4E-BP and p-4E-BP protein was increased in UCP1 Tg mice. Phosphorylation of 4E-BP leads to its dissociation from eIF4E, a key rate-limiting initiation factor for translation (18) . Recently, the mTOR independent interaction of 4E-BP with the ERK/MAPK signaling pathway, which is differentially regulated in our mouse model, was discussed intensively (11, 37) . Several lines of evidence have suggested a role of oxidative stress in longevity. Thus, the health effects of UCP1 Tg mice could possibly be attributed to the increased mitochondrial uncoupling itself. This would be consistent with the work of Data are shown as means Ϯ SE; n ϭ 5-8. Ne-(malondialdehyde)lysine (MDA), Ne-(carboxymethyl)lysine (CML), Ne-(carboxyethyl)-lysine (CEL), glutamic semialdehyde (GSA), and aminoadipic semialdehyde (AASA) and aconitase in skeletal muscle and liver protein of WT and UCP1 Tg mice fed a low-fat or high-fat diet for 8 wk. *P Ͻ 0.05, *P Ͻ 0.01, ***P Ͻ 0.0001, significant differences between the genotypes within 1 diet group. Speakman et al. (58) , who analyzed the relationship between metabolism and lifespan within one species and were able to show that individual mice with high metabolic rates survived the longest. In line with this findings is the "uncoupling to survive" hypothesis, which suggests that increased mitochondrial uncoupling increases longevity by preventing the formation of ROS (6) . In a previous study, we could indeed show an ϳ76% lower superoxide production in isolated SM mitochondria of UCP1 Tg mice that was abolished by the addition of GDP, an inhibitor of UCP1 uncoupling activity (29) . Recently, a study by Oelkrug et al. (40) on isolated brown adipose tissue mitochondria of UCP1-knockout mice compared with WT littermates showed that UCP1 decreased superoxide production in brown adipose tissue. They concluded that UCP1 allows high rates of oxidative phosphorylation without enhancing oxidative damage by simultaneously lowering superoxide production. These findings suggested a role of UCPs in keeping superoxide production low by causing mild uncoupling. However, we found no differences in levels of oxidation or glycoxidation markers for protein damage in either skeletal muscle or liver of UCP1 Tg mice. Unexpectedly, UCP1 Tg animals on both diets even showed increased SM protein damage due to lipoxidation-derived reactions compared with WT mice. In contrast to our initial hypothesis, this is indicative of an increased rather than decreased ROS production in skeletal muscle of UCP1 Tg mice. MDA is a specific adduct derived from the nonenzymatic reaction between malondialdehyde (a reactive carbonyl species derived from the oxidative damage of polyunsaturated fatty acids) and free ⑀-amino groups. The increased levels of MDA detected in UCP1 Tg animals could be due to increased ROS production and/or increased content of polyunsaturated fatty acids. So far, no information about the effects of the UCP1 overexpression on membrane fatty acid composition and the potential modulation by the diet is available. However, it is conceivable that UCP1 overexpression in skeletal muscle induces an increase in polyunsaturated fatty acid content, which causes the increase in reactive carbonyl content. This could lead to an increase in lipoxidation-derived protein damage as well as an activation of the antioxidant signaling systems. This is in line with the observation that SM lipids from UCP3-overexpressing mice showed a 20% increment of peroxidizability index, which was due mainly to a 50% increase in the content of the most easily peroxidizable docosahexaenoic acid (7) .
It is quite difficult to directly measure superoxide production or free radicals in the body. Thus here we focused on endogenous antioxidants and redox signaling pathways to clarify in more detail the oxidative stress status of the muscle cell. The activity of the two antioxidant enzymes SOD and CAT was increased significantly in SM of UCP1 Tg mice compared with WT, especially on the high-fat diet, which suggests a higher stress level in muscle of UCP1 Tg mice. The highly increased CAT activity in UCP1 Tg mice could be linked to their increased longevity. Overexpression of CAT targeted to mitochondria in mice increased median and maximum lifespan by an average of 5 and 5.5 mo, respectively (54), and prevented age-associated reductions in mitochondrial function and insulin resistance (33) . Another indication for an increased stress situation in SM of UCP1 Tg mice is the strong increase in stress-protective HSP25 protein expression. HSPs act as molecular chaperones, and the expression can increase in response to physical and chemical stressors as well as oxidative stress. Several laboratories (21, 35) have demonstrated that induction of HSPs by heat treatment can protect against obesity-related insulin resistance and that an increased expression of HSP70 and HSP25 plays a significant role in protecting SM from the development of age-related insulin resistance (20) . Moreover, the small HSPs especially protect against ROS and stress situations such as ATP depletion (1) . Here, we could detect an increased protein content of HSP25 but not of HSP70. One possible explanation is that HSP25 is ATP independent (26) , whereas the function of HSP70 is regulated by binding and hydrolysis of ATP (64) and thus dependent on ATPase cycling. Nevertheless, it is yet unresolved whether ATP depletion, heat stress due to UCP1 activity in the SM, or oxidative stress is the trigger for HSP25 upregulation in UCP1 Tg mice.
Another oxidant-induced intracellular signaling cascade is the MAPK pathway, which plays an essential role for the induction of oxidative stress response (reviewed in Ref. 50 ). ROS and other reactive species are potential activators of ERK1/2 and JNK1/2 (34) . Furthermore, it is well known that exercise, itself an intermittent form of cellular stress, activates the MAPK signaling pathway in skeletal muscle of mice (19, 36) and humans (62) , depending on the type, duration, and intensity of the muscle work. UCP1 Tg mice showed a more than twofold increase in phosphorylated ERK2 and phosphorylated JNK1. The activity of ERK1/2 is associated with various aspects of lipid metabolism. It seems to be involved in the phosphorylation of ACC and hormone-sensitive lipase (12) as well as fatty acid uptake during muscle activity (45, 59) . Therefore, the increased ERK2 in UCP1 Tg mice could explain their increased SM fatty acid metabolism. Not only ERK2 but also the JNK1 was highly phosphorylated in our Tg mouse model. The stress-activated kinase JNK plays on the one hand a critical role in stress induced cell death but on the other hand also has a protective function in response to oxidative stress and has been implicated in the regulation of lifespan (reviewed in Ref. 27) . Nevertheless, JNK1 is elevated in obesity, and furthermore, the inhibition of JNK activity improved insulin sensitivity in mice and protected them from diet-induced obesity (24) . This is in agreement with our observation that WT mice on a high-fat diet showed a significantly increased JNK1 phosphorylation compared with WT mice on a low-fat diet. However, recently, Sharma et al. (56) showed that caloric restriction led to an increased JNK1 phosphorylation in rats despite improved insulin sensitivity. Thus, whether JNK signaling is protective of or detrimental to the muscle cell remains incompletely understood and is probably dependent on the duration and/or intensity of its activation. Nevertheless, our data regarding the oxidative stress status of SM support the notion of an increased rather than decreased radical production in SM of UCP1 Tg mice. An imbalance in the oxidative stress status, which leads to elevated ROS levels, acts as a trigger for insulin resistance (25) . However, UCP1 Tg mice have shown increased insulin sensitivity and increased lifespan compared with WT mice under detrimental dietary conditions (30) . The data of this study are in agreement with the concept of mitohormesis, which suggests that mild oxidative stress is required to prolong lifespan (47) . An increased formation of ROS might cause an adaptive response by increasing oxidative defense, which ultimately leads to reduced oxidative stress damage. This is in line with the increased antioxidant enzyme activities and the higher aconitase activity in SM of UCP1 Tg mice compared with WT presented here. Aconitase activity is a sensitive marker of superoxide concentration because superoxide inactivates aconitase in the mitochondrial matrix (16) . Especially in skeletal muscle during contraction and physical exercise, oxygen consumption increases dramatically, which leads to a corresponding increase in free radical production paralleled by an induction of the expression of antioxidants (22, 43) . Ristow et al. (48) were able to show that the exercise-induced free radical production leads to an increased expression of endogenous antioxidants and promotes insulin sensitivity in humans rather than inducing insulin resistance. Recently, Boden et al. (4) demonstrated that overexpression of the antioxidant manganese superoxide dismutase in rat skeletal muscle in vivo partially protects the muscle against impaired glucose uptake under high-fat diet conditions. Thus, the induction of endogenous antioxidants may contribute to the protection against diet-induced insulin resistance in SM of UCP1 Tg mice.
In conclusion, our results show that SM uncoupling leads to an energy demand in the muscle cell, which results in the activation of AMPK but also in a mild stress induction that in turn increases endogenous antioxidant defense systems. The activation of AMPK is accompanied by an increased lipid metabolism but not by a downregulation of the mTOR pathway. Therefore, we suggest that the increased longevity phenotype of UCP1 Tg mice on a high-fat diet is rather linked to the induction of ROS-signaling pathways. This argues for the hypothesis that ROS and perhaps lipid-derived carbonyl species are not only damaging agents but important physiological signaling molecules.
